DELLA proteins are land-plant specific transcriptional regulators known to interact through their C-terminal GRAS domain with over 150 transcription factors in Arabidopsis thaliana. Besides, DELLAs from vascular plants can interact through the N-terminal domain with the gibberellin receptor encoded by GID1, through which gibberellins promote DELLA degradation. However, this regulation is absent in non-vascular land plants, which lack active gibberellins or a proper GID1 receptor. Current knowledge indicates that DELLAs are important pieces of the signalling machinery of vascular plants, especially angiosperms, but nothing is known about DELLA function during early land plant evolution or if they exist at all in charophytan algae. We have now elucidated the evolutionary origin of DELLA proteins, showing that algal GRAS proteins are monophyletic and evolved independently from those of land plants, which explains why there are no DELLAs outside land plants. DELLA genes have been maintained throughout land plant evolution with only two major duplication events kept among plants. Furthermore, we show that the features needed for DELLA interaction with the receptor were already present in the ancestor of all land plants, and propose that these DELLA N-terminal motifs have been tightly conserved in non-vascular land plants for their function in transcriptional co-activation, which allowed subsequent exaptation for the interaction with the GID1 receptor when vascular plants developed gibberellin synthesis and the corresponding perception module. charophytan species contain genes encoding GRAS proteins, pointing to an streptophytan origin of the family (Engstrom 2011; Delaux et al. 2015). The GRAS domain of DELLA proteins is responsible for the establishment of proteinprotein interactions. DELLAs cannot bind DNA, but they can interact with over 150 transcription factors and other transcriptional regulators, and modulate their functions in order to regulate gene expression (Marín-de la Rosa et al. 2014). DELLAs can either negatively affect transcription factor function, mainly through a sequestering mechanism, or positively enhance their ability to activate transcriptional activity (Locascio et al. 2013). This allows DELLAs to coordinate multiple transcriptional programs and may have been an important trait acquired during plant evolution (Briones-Moreno et al. 2017). A second important characteristic of DELLA proteins is their GA-dependent stability. This ability relies in the N-terminal, DELLA domain. The gibberellin receptor GIBBERELLIN INSENSITIVE1 (GID1) is able to interact directly with this N-terminal domain after GA binding (Ueguchi-Tanaka et al. 2005; Griffiths et al. 2006). Upon GA-GID1-DELLA complex formation, the GID2/SLY1 F-box protein interacts through the GRAS domain and recruits an SCF E3 ubiquitin ligase complex that marks DELLAs for degradation (Mcginnis et al. 2003; Dill 2004; Gomi et al. 2004). Three important motifs are involved in the interaction with GID1 proteins: DELLA, LEQLE and VHYNP. Mutations in these motifs impair GID1-DELLA interaction, giving rise to GA-resistant DELLA versions (Dill et al. 2001; Murase et al. 2008).
Introduction
DELLA proteins are transcriptional regulators that have been extensively characterized during the past twenty years (Vera-Sirera et al. 2015) . They are involved in diverse processes ranging from seed germination to flowering, including legume nodulation, stress responses, or fern sexual reproduction (Peng and Harberd 1997; Floss et al. 2013; Tanaka et al. 2014) . In fact, these proteins are responsible for the dwarf phenotype that allowed the development of new crop varieties during the Green Revolution (Peng et al. 1999) . DELLAs are one of the main elements that compose the gibberellin (GA) signalling pathway in vascular plants, acting as the negative regulators of the pathway (Dill et al. 2001; Itoh et al. 2002) .
As part of the GRAS family of plant specific proteins, they present a highly conserved Cterminal domain, the GRAS domain. Initially, this domain was suggested to be distantly related to the STAT family of metazoan proteins (Richards et al. 2000) . More recently, a thorough in silico structural analysis of the domain has evidenced a remarkable similarity to bacterial Rossman-fold SAM-dependent methyltransferases suggesting a bacterial origin of the GRAS domain (Zhang et al. 2012) . Even though no chlorophytan alga presents GRAS-like genes, several reported only in vascular plants (Hirano et al. 2007; Yasumura et al. 2007 ). These early studies indicate that GA-dependent DELLA regulation first appeared in the vascular plants common ancestor, however the analyses were constrained by the limited availability of genomic and transcriptomic resources from only the moss Physcomitrella patens, and the lycophytes Selaginella moellendorffii and S. lepidophylla. In these studies, neither a clear set of late GA synthesis genes nor proper GID1 receptors were detected in non-vascular plants, supporting the idea of GA-mediated regulation of DELLA proteins being vascular plant specific. In fact, no reports are available for the presence of bioactive GAs in mosses, and application of these compounds have no effect on moss growth (Hayashi et al. 2010) .
Current knowledge indicates that DELLAs are important pieces of the signalling machinery of late diverging land plants, especially angiosperms, but nothing is known about DELLA function during early land plant evolution or if they exist at all in charophytan algae. The previous lack of data can now be completed with new genomic and transcriptomic sources from earlier diverging land plants and algae to understand the origin and emergence of DELLA proteins. In signalling components: the receptor GID1 and the F-box protein GID2. Although we found similar sequences to GID1 in many clades (i.e. GID1-like proteins, or GLPs, Supplementary   Table 2 ), those present in non-vascular plants do not contain the amino-lid sequences necessary for GA perception and DELLA interaction, and resemble those found in Physcomitrella patens (Hirano et al. 2007; Yasumura et al. 2007 ). Hence, we did not consider them as GID1 receptors.
However, we found two hornwort sequences (an almost complete sequence for Phaeoceros carolinianus and a partial sequence for Paraphymatoceros halli) that represent good candidates for an ancestral state of GID1 receptors, pointing to a possible pre-tracheophytan origin of putative GID1 proteins (Supplementary Fig. 1) . Among non-vascular land plants, we were able to find GID2 orthologous sequences only in liverworts ( Supplementary Fig. 2 , Supplementary   Table 3 ). These data consolidate the presence of GRAS in charophytan algae, not only in Zygnematales but also in Coleochaetales, and is consistent with the idea of GRAS proteins appearing first in charophytes before land colonization. Besides, DELLA proteins most likely appeared in the land plant common ancestor, but the GA signalosome components can only be found simultaneously in tracheophytes ( Fig. 1) . However, these views may change with further improvement of genomic data quality and availability from Charales and/or hornworts.
Phylogenetic analysis of GRAS proteins
To elucidate the origin of the DELLA subfamily, we analysed the phylogenetic relationship between GRAS sequences in algae and land plants. For this, we used the GRAS domain of the sequences found, and added previously described eubacterial GRAS sequences to use as outgroup in a phylogenetic tree (Zhang et al. 2012) . Interestingly, algal and land plant sequences formed two independent and statistically supported clades ( Fig. 2A) . This suggests that all land plant GRAS genes arose from a single gene present in an algal and land plant common ancestor. Further expansion and loss of GRAS subfamilies has occurred independently several times during plant evolution, and no clear correlation between the number of GRAS sequences and factors such as biological complexity seems to exist (Fig. 2B) . Among land plants, we found sequences from twelve known GRAS subfamilies in Arabidopsis thaliana (SCL9, SHR, PAT1, SCL16/32, SCL29, SCL3, DELLA, SCL28, SCR, LAS, SCL4/7 and HAM), and sequences with no clear A.
thaliana match in at least two early diverging land plants that resemble RAM1 sequences ( Fig.   2C ). We conducted phylogenetic analysis of these GRAS domain sequences and obtained highly supported clades for these groups in all land plant lineages ( Fig. 2D) . In fact, these groups greatly coincide with those recently published in the Marchantia polymorpha genome (Bowman et al. 2017 ). Altogether, these analyses indicate that previously known GRAS subfamilies are land plant specific and appeared early in a land plant common ancestor. Consequently, we consider that only land plant genomes may contain DELLA genes.
Early evolution of DELLA proteins
To elucidate DELLA evolution, we generated a new phylogenetic tree adding previously undetected DELLA proteins from species belonging to different clades across land plant phylogeny (Fig. 3A) . The N-terminal domain was also excluded from this analysis because the high level of divergence in this region yielded trees that were in conflict with known taxonomic relationships ( Supplementary Fig. 3) . We confirmed the previously reported major DELLA clades corresponding to the eudicot clades RGA and RGL (DELLA1 and DELLA2, respectively), which are fused into a single DELLA1/2 clade in non-eudicot tracheophytes, and the DELLA3 clade, also named DGLLA/SLRL, that is present in all vascular plant lineages. These three clades are found in every major clade analysed, with the sole exception of DELLA1/2 being absent in ferns. This data suggests the occurrence of two main duplication events in DELLA genes coinciding with the appearance of tracheophytes and the emergence of eudicots. However, multiple duplications and loses have occurred in specific groups and species, such as the lack of DELLA1 and DELLA3 in Solanum lycopersicum.
Due to the scarce knowledge of DELLA function in non-vascular land plants, we expanded our search for DELLA sequences in liverworts, mosses and hornworts and analyzed their 6 phylogenetic relationship ( Fig. 3B) . As suggested by the previous tree, no ancient major duplications in DELLAs seem to have been maintained in land plants prior to vasculature emergence. We also detected a type of DELLA proteins sequences that we named DELLA-like proteins (DLP), whose phylogenetic position is unclear and most likely represents a liverwortspecific duplication with no resemblance in their N-terminal domains to those of DELLA proteins ( Supplementary Fig. 3 ). Other duplication events have also occurred independently in mosses as in the case of Funariaceae or Sphagnopsida.
DELLA domain characterization in early diverging land plants
Since the function of DELLA proteins as GA signalling elements requires the presence of specific motifs in their N-terminal domain and it has been proposed that there is no GA pathway in nonvascular plants (Miyazaki et al. 2018) , we decided to analyse the occurrence of DELLA motifs in the N-terminal domain of DELLA proteins using automated Pfam HMM domain detection.
Contrary to the highly significant scores for the presence of GRAS domains (PF03514; Supplementary Fig. 3) , the identification of the DELLA Pfam HMM (PF12041) resulted in strongly variable significance values ( Supplementary Table 4 ). In tracheophytes, the search was positive with independent E-values usually around 10 -30 , with SmDELLA2 being the lower with an E-value of 1.3x10 -11 ( Fig. 3C) . SmDELLA2 contains highly divergent DELLA domain motifs but has been shown to be targeted by GID1 To determine the precise motifs and residues that provide high significance value for the identity of the N-terminal domain, we aligned the corresponding regions of representative sequences from each clade (three liverworts, ten mosses, three hornworts, and three tracheophytes) (Fig. 4) . The three important motifs for the interaction with the GID1 receptor (and, therefore, for GA signalling) in tracheophytes were differentially conserved among non- This distribution of motifs suggests that the N-terminal domain of DELLA proteins was established early in land plant ancestors and maintained during evolution. To confirm this hypothesis, we performed ancestral protein reconstruction by maximum likelihood methods, excluding late divergent moss sequences to avoid bias towards DELLA or VHYNP motif loss.
To avoid the lack of consensus in bryophyte relationships and early land plant evolutionary history, we performed the analysis using different phylogenetic relationships among the three early diverging land groups (hornworts, liverworts and mosses), with almost identical results. The predicted ancestral sequences for the land plant common ancestor DELLA N-terminal domain harbours the canonical motifs and is strictly conserved compared to those known in tracheophytes and in hornworts ( Fig. 4) . Three of the four alpha helices harboured in the N-terminal domain show an ancestral state highly conserved in late diverging DELLA proteins, coinciding with the alpha helices that form the surface interacting with GID1.
Two more pieces of evidence support that the putative function of the ancestral N-terminal domain of DELLA proteins needed to be maintained during evolution: the Ka/Ks ratio is particularly low (around 0.2) precisely in the region that interacts with GID1 in higher plants ( Supplementary Fig. 4A ; Supplementary Table 5 ); and the characteristic intrinsic disorder of the whole N-terminal domain of DELLA proteins (Sun et al. 2010 ) is in fact absent in the GID1interacting region ( Supplementary Fig. 4B ,C; Supplementary Table 5 ).
DELLA interaction with GA-signalling components
The solid conservation of the N-terminal domain of DELLA proteins even in land plants that lack the necessary GA signaling elements suggests that the ancestral DELLA was preadapted for subsequent interaction with the GA receptors. To gather additional experimental evidence, we first modelled the structure of putative complexes between AtGID1a and DELLAs from species of different land plant taxa based on the previously described GA4-AtGID1a-AtGAI structure.
For comparison, the DELLAs were selected from A. thaliana (Angiosperma), S. moellendorffii (Lycophyta), Nothoceros vincentianus (Anthocerotophyta), P. patens and T. lepidozioides (Bryophyta), and Marchantia polymorpha (Marchantiophyta). The structures of the N-terminal domain of the selected DELLAs were modelled and superimposed to the structure of the DELLA-GID1 complex (Kelley et al. 2015) . Using this strategy, we were able to determine if the DELLA, LEQLE and VHYNPS motifs of the selected proteins could potentially interact with the AtGID1a protein ( Fig. 5A; Supplementary Fig. 5A ). As expected, the model for A. thaliana DELLA (AtRGA) showed a similar interaction with AtGID1a to that observed between AtGAI and AtGID1a. Despite small differences observed on the VHYNP motif of N. vincentianus NvDELLA (MHNNP) and the LEQLE motif of S. moellendorffii SmDELLA1 (IEELD), both proteins exhibit similar fold and potential interaction with AtGID1a, suggesting that lycophyte and hornwort DELLAs might indeed establish functional interactions with GA receptors. The structure of the SmDELLA1 model in complex with AtGID1 also shows similar interactions except for the LEQLE motif where the latter glutamate (E) is replaced in SmDELLA1 by an aspartate (D) (IEELD). This mutation which should decrease the interaction with K28 ( Fig. 5) does not seem important because the degradation of SmDELLA1 by GAs has already been described (Hirano et al. 2007; Yasumura et al. 2007 ).This result can be easily understood by the mobility of the side chain of Lysine (K) 28 which could likely interact with the aspartate residue of SmDELLA1. On the contrary, despite a similar fold, T. lepidozioides TlDELLA displayed critical changes in the LEQLE motif (absent in the alignment, substituted by the subsequent LGGAQ sequence in the model) of the αB helix which are predicted to prevent interaction with GID1. In addition, M. polymorpha and P. patens DELLAs present not only modifications in the αB helix, but also in the DELLA and VHYNP motifs preventing interaction with AtGID1a. In summary, the models indicate that, unlike lycophytes and hornworts, moss and liverwort DELLAs should be unable to interact with AtGID1a.
To experimentally test the models, we performed yeast-two-hybrid assays between the six full-length DELLAs and the Arabidopsis GID1 proteins in the presence or absence of GA3 ( Fig. 5B; Supplementary Fig. 5B ). As expected, both tracheophytan DELLAs interacted with AtGID1s when GA was present. Interestingly, N. vincentianus DELLA was also able to interact with the receptors in a GA-dependent manner. However, moss and liverwort sequences did not show interaction with the receptors either in a GA-dependent or independent way. These results indicate that N-terminal domain conservation is necessary but not sufficient for GID1 interaction.
Moreover, the ability of hornwort DELLAs to recognize the Arabidopsis GA receptors in a GAdependent manner (Fig. 5B) , and the presence of putative GA receptor sequences in some Anthocerotophyta genomes ( Fig. 1; Supplementary Table 2 ) suggests that the origin of GA signaling might predate the separation between hornworts and vascular plants.
An ancestral function of the DELLA N-terminal domain in transcriptional activation
The presence in N-terminal region of the ancestral DELLA protein of structured domains that were necessary for the eventual construction of a GA signaling module begs for an additional function encoded in this region which would explain its conservation in non-vascular plants lacking GA receptors or elaborate GA biosynthesis. Interestingly, Arabidopsis DELLAs have been reported to act as transcriptional coactivators in certain developmental contexts (Yoshida et al. 2014; Fukazawa et al. 2014; Marín-de la Rosa et al. 2015) . In fact, when examined the transcriptional status of loci to which AtRGA is bound (Marín-de la Rosa et al. 2015) , most of the genes showed a tendency to be induced when DELLAs are active (Fig, 6A, Supplementary   Table 6 ). Besides, expression of full-length rice DELLA fusions to a DNA binding domain in yeast results in the transactivation of the corresponding reporters (Hirano et al. 2012 ). This transactivation capacity was also observed for the N-terminal domains of all the DELLAs tested, included those from non-vascular land plants ( Fig. 6B; Supplementary Fig. S6A ). Previously, it has been suggested that both DELLA and VHYNP motifs are involved in this activity (Hirano et al. 2012 ). However, the N-terminal domain of PpDELLAa is strongly capable of transcriptional activation, but lacks both of these motifs. The most conserved region among all land plant DELLA N-terminal ends is the αD helix (Fig. 4) , and we found that deletion of this region (ΔαD) in PpDELLAa prevented the induction of reporter expression in yeast, while the αD helix alone was also capable of promoting transactivation in a yeast two-hybrid assay ( Fig. 6C and   Supplementary Figure 6B) . To study if this also happens in planta, we confirmed these results by performing transient expression assays of a dual luciferase reporter in Nicotiana benthamiana ( Fig. 6D, Supplementary Fig. 6C) . The activity of certain transactivation domains from different origins (viral VP16, yeast GAL4 or PHO4, mammalian p53 or NFAT, and others) have been proposed to harbor a particular 9-amino acid transactivation domain (9aaTAD) (Piskacek et al.
2007) which directly interacts with the KIX domain of general transcriptional coactivators like
Mediator's MED15 subunit (Piskacek et al. 2016) . Interestingly, the αD helix of the DELLA Nterminal domain displayed a high score in a 9aaTAD evaluation (Supplementary Fig. 7) .
Our results suggest that the main driving force for the conservation of the N-terminal regions of DELLA proteins has been its role in transcriptional activation, and its eventual co-option by the GID1 receptor allowed hormonal regulation of DELLA stability. Although molecular exploitation has been described as an evolutionary strategy to expand hormone-receptor complexity (Bridgham et al. 2006; Baker et al. 2013) , the function of the evolving receptor was equivalent to the ancestral one (i.e., interaction with the ligand). However, the origin of the GA signaling pathway illustrates how molecular exploitation can occur upon domains with completely unrelated functions. Curiously, the co-existence of degron and transactivation motifs in the same stretches of residues has been described in several mammalian transcriptional activators (Salghetti 2000; Salghetti et al. 2001) . In contrast, this degron-TAD overlap has not been studied in plants but some examples can be identified, such as MYC2, in which a degron is found within the MID domain, the transactivation domain (Zhai et al. 2013 ). Therefore, DELLAs would have these two functions encoded in a single region, and interaction with GID1 has been reported not only to promote DELLA degradation, but also prevent transactivation by DELLAs (Hirano et al. 2012) . In summary, the coincidence of transactivation and protein stability regulation in a single protein domain is a widespread property and has independently emerged several times during evolution and through different molecular mechanisms.
Materials and Methods
Identification of GRAS and GA signalling elements sequences in plants 10 GRAS homolog sequences were searched in Phytozome, OneKP, and specific databases for the charopyte Klebsormidium flaccidum (reassigned as K. nitens), red algae, and the glaucophyte Cyanophora paradoxa ( Supplementary Table 7 ). A. thaliana and P. patens previously identified GRAS sequences were re-checked and used as query in a BLASTP initial search. In short, proteomes were examined using a BLASTP local blast search using an e-value cut-off of 0.1 in most cases, further raised to 10 in red algae, chlorophytes o C. paradoxa in order to avoid missing highly diverging GRAS sequences. Initial results were first subjected to reciprocal BLAST. 
Subsequently

Transactivation domain prediction
AtRGA, SmDELLA1, NvDELLA, PpDELLAa, TlDELLA, MpDELLA protein sequences were analysed with a nine-amino-acid transactivation domain (9aa TAD) prediction tool (http://www.med.muni.cz/9aaTAD/index.php) (Piskacek et al. 2007 ). Less stringent pattern was chosen for prediction. Cumulative probabilities of 9aaTAD for all the proteins were plotted into an amino acid alignment of the DELLA domain conserved region.
Yeast-two-hybrid assay
Arabidopsis GID1 and GID2 were fused to the Gal4-DNA binding domain (DBD) in the pGBKT7-GW vector as bait, and DELLA full length ORFs from the different species were fused to the Gal4-Activation domain (AD) in the pGADT7-GW vector. DELLAs, GID1 and GID2
ORFs were either amplified by PCR using sequence-specific primers ( Supplementary Table 9) or synthesized as gBlocks ® (I.D.T) and transferred to pDONR221 or pDONR207 via BP Clonase II (Invitrogen), or to pCR8 via TOPO ® TA cloning ® (Invitrogen) to create entry vectors. Final constructs were made by recombining entry clones to GATEWAY destination vectors via LR Clonase II (Invitrogen). Direct interaction assays in yeast were performed following Clontech small-scale yeast transformation procedure. Strain Y187 was transformed with pGADT7 derived expression vectors, while strain Y2HGold was transformed with pGBKT7 vectors, and selected in SD medium without Leu or Trp, resp. Subsequently, diploid cells were obtained by mating and selected in SD medium lacking both Leu and Trp. Interaction tests were done in SD medium lacking Leu, Trp and His, in the presence of different concentrations of 3-aminotriazol (3-AT) (Sigma-Aldrich). GID1 interaction tests were supplemented with 100 μM GA3.
Yeast transactivation assay DELLA ORFs were obtained as described above. DELLA N-end clones and C-end clones were obtained by PCR amplification using sequence-specific primers ( Supplementary Table 9 ) and transferred to pDONR207 via BP Clonase II (Invitrogen). All the entry clones were used to create Gal4-DBD fusions in the pGBKT7-GW vector via LR Clonase II (Invitrogen), transformed into yeast strain Y2HGold and selected in SD medium lacking Trp. Transactivation tests were done as yeast two hybrid assays, but with Leu supplementation.
In planta transient transactivation assay SCL9 1 18 7 7 PAT1 0 5 2 5 SCL16/32 1 1 1 2 SCL29 1 1 4 1 SHR 0 5 2 1 SCL3 0 2 3 1 DELLA 2 3 2 5 SCL28 1 2 2 1 SCR 0 4 3 2 LAS 1 2 2 1 SCL4/7 1 1 1 2 HAM 0 2 1 4 RAM1-like I 1 0 2 0 RAM1-like II 1 1 2 0 RAM1-like III 0 4 4 0
Ungrouped 1 (A) Predicted structural model for DELLA-AtGID1a interaction using AtRGA, SmDELLA1, NvDELLA, PpDELLAa, TlDELLA, and MpDELLA. DELLA structure is shown in yellow and AtGID1a structure in light blue. AtGID1a residues involved in DELLA interaction are written in dark blue. Residues different to that of AtRGA/GAI in main motifs are presented in red. Possible residue to residue interactions affected are pointed with a red circle (B) Yeast-two-hybrid assay results between DELLA proteins and the three Arabidopsis GID1 receptors with or without GA 3 . Positive interactions are accounted when yeast growth occurs in 5 mM 3-aminotriazol. 
